In Drosophila, mutation of the oncogene Myb reduced the expression of mitotic genes, such as polo and ial, and caused multiple mitotic defects, including disrupted chromosome condensation and abnormal spindles. We now show that binucleate cells, the hallmark phenotype of cytokinesis failure, accumulate in Myb-null ovarian follicle cell and wing disc epithelia. Myb functions as an activator in the generally repressive Drosophila RBF, E2F2, and Myb (dREAM)/Myb-MuvB complex. Absence of the dREAM subunit Mip130 or E2F2 suppressed the Myb-null cytokinesis defect. Therefore, we used Myb-null binucleate cells as a quantitative phenotypic readout of transcriptional repression by the dREAM complex. In the absence of Myb, the complex was sensitive to the dose of the subunits E2F2, Mip120, Caf1, and Lin-52 but not Mip130 or Mip40. Surprisingly, reduction of the dose of His2Av/H2A.z also suppressed the Myb-null binucleate cell phenotype, suggesting a novel role for this variant histone in transcriptional repression by the dREAM complex.
T he Myb protein family regulates gene expression and plays a role in several types of human cancer. For example, a high level of B-Myb expression correlates with a poor prognosis in breast cancer and some acute lymphoblastic leukemias carry a duplication or translocation of c-Myb (1) (2) (3) . In vertebrates, there are three Myb family members: A-Myb, B-Myb, and c-Myb (4) . Drosophila has a single Myb gene-the functional ortholog of B-Myb (5, 6) .
Myb functions together with a large conserved protein complex, called dREAM/Myb-MuvB (MMB) in Drosophila and DREAM or LINC in humans (7) (8) (9) (10) (11) (12) . In Drosophila, the complex contains Myb; the Myb-interacting proteins Mip130/LIN9, Mip120/LIN54, and Mip40/LIN37; the chromatin-associated protein p55 Caf1/RbAp48; the DNA-binding transcription factors E2F2 and DP; the tumor suppressor protein RBF1 or RBF2; and Lin-52 (7, 8, 10) . Generally, the dREAM complex represses gene expression (7, 13) . Myb may function primarily to inhibit this repression (14) . Thus, some Myb-null phenotypes arise from unregulated activity of the remainder of the complex. For example, mutation of mip130, mip120, or mip40 relieves the lethality of a Myb-null mutation (15, 16) .
Myb-null Drosophila cells suffer a variety of defects during mitosis. First, hypomorphic Myb mutant pupal wing cells fail to enter the last cell division cycle (17) . Second, in early prophase, Myb mutant cells delay with condensed heterochromatin but uncondensed euchromatin (18) (19) (20) . Third, in metaphase, Myb-null cells arrest with misshapen and wandering spindles (21) . Finally, occasional monopolar and multipolar spindles coupled with multiple centrosomes likely cause the observed aneuploidy and polyploidy of some Myb mutant cells (18, 20) .
Many genes that encode mitotic regulators and machinery require Myb for proper expression. Knockdown of Myb in Drosophila Kc cells by RNA interference (RNAi) showed that Myb activates the transcription of more than 20 genes involved in spindle assembly, metaphase plate formation, sister chromatid separation, or cytokinesis (13) . Analysis in vivo confirmed the regulation by Myb of some of these genes, including polo, mad2, and Cyclin B (21, 22) . We show here that binucleate cells-the hallmark phenotype of cytokinesis failure-accumulate in Myb-null tissues from inappropriate transcriptional repression by the dREAM complex. Unexpectedly, mutation of the histone variant His2Av suppressed this binucleate cell phenotype, suggesting a novel role in dREAM activity.
H2Av-GFP, hsFLP122, FRT19A; ϩ; H2Av-RFP/ϩ (Myb-null clones); w, Myb MH107 , FRT19A/H2Av-GFP, hsFLP122, FRT19A; ϩ; P[AlkB Ϫ Myb ϩ ]/ϩ (Myb ϩ rescue with Myb-null clones); and w, Myb MH107 , FRT19A/H2Av-GFP, hsFLP122, FRT19A; ϩ; Tm6/ϩ (nonrescued control with Myb-null clones). Two-to 4-day-old females were incubated at 37°C for 1 h on 2 successive days to induce FLP expression by the Hsp70 promoter. Females were kept on food with fresh yeast at 25°C and dissected 3 days after the last heat shock. Clones were marked by the loss of H2Av-GFP; all nuclei were marked by H2Av-RFP when it was present in the genotype (Fig. 1A) .
Ubi-GFP-Polo and Ubi-GFP-AurB plasmids. polo and AurB coding sequences were PCR amplified from Drosophila S2 cell cDNA with primers 5=-GGCCTCGAGATGGCCGCGAAGCCCGAGG-3= (polo 5= end), 5=-GGCGCGGCCGCTTATGTGAACATCTTCTC-3= (polo 3= end), 5=-G GCCTCGAGATGACGCTTTCCCGCGCGAAGC-3= (AurB 5= end), and 5=-GGCGCGGCCGCTCAATTTCTGGCCGTGTT-3= (AurB 3= end). These primers added XhoI and NotI restriction sites (underlined), respectively, to the 5= and 3= ends. The PCR products were subcloned into the pCR4-TOPO TA vector (Invitrogen). The green fluorescent protein (GFP) coding sequence was amplified from pEGFP-C1 (Clontech) with primers: 5=-GGCGGTACCATGGTGAGCAAGGGCGAGG-3= and 5=-G GCCTCGAGCTTGTACAGCTCGTCCATGCC-3=. This added KpnI and XhoI restriction sites to the 5= and 3= ends. The GFP and polo or AurB sequences were sequentially cloned into the pBlueScript vector (Stratagene) by using the engineered restriction enzyme sites to encode inframe fusion proteins. Finally, the GFP-Polo and GFP-AurB sequences were cloned into the pWR-Pubq vector (Nick Brown, Wellcome Trust/ Cancer Research UK Institute, Cambridge, United Kingdom) downstream of the Ubi-p63E promoter by using the KpnI and NotI restriction sites.
Immunohistochemistry. Ovaries were dissected in phosphate-buffered saline (PBS), fixed in 4% formaldehyde in PBS for 25 min, washed three times for 10 min each time in PBS with 0.1% Triton X-100 (PBST), and incubated in PBS with 0.6% Triton X-100 for 30 min. Samples were then blocked in PBST with 5% normal goat serum (NGS) for 1 h and incubated overnight at 4°C in primary antibody diluted in PBST with 0.5% bovine serum albumin and 1% NGS (PBSTBN). Ovaries were washed six times for 10 min each time in PBST, incubated in secondary antibody in PBSTBN for 2 h, and washed again six times for 10 min each time. When required for propidium iodide staining, samples were then incubated with RNase A at 1 mg/ml in PBST for 30 min and washed two times for 5 min each time in PBST. All steps were carried out at room temperature unless noted otherwise. Samples were mounted in Vectashield with or without propidium iodide (Molecular Probes, Inc.). Immunofluorescent images were taken with a PCM2000 laser scanning confocal microscope (Nikon).
Dissected third-instar larvae were similarly stained, with the following exceptions. Samples were washed four times for 5 min each time after fixation and six times for 5 min each time after antibody incubations. They were not treated with PBS and 0.6% Triton X-100. PBST with 1% NGS was used for blocking. After antibody staining, samples were incubated with the DNA dye ToPro3 (Molecular Probes, Inc.) diluted 1:500 to 1:750 in PBSTBN for 30 min and washed four times for 5 min each time in PBST.
We used the antibody 1B1 mouse antiadducin at 1:10 (Developmental Studies Hybridoma Bank) and an Alexa Fluor-conjugated goat secondary antibody at 1:500 (Molecular Probes, Inc.).
Binucleate cell frequency analysis. Tissues were stained with an antiadducin antibody to mark the plasma membrane and with a DNA dye when H2Av-RFP was not present. The numbers of total and binucleate cells were determined manually. The counter was blind to the genotype and, when applicable, the egg chamber stage and clone location. In wing discs, we examined squamous peripodial epithelial cells, which were identified by their location and morphology (32) . On rare occasions, cells with three or four nuclei were observed-these were included in the binucleate category to simplify the analysis. Statistical significance was calculated with a t test. Wing disc area was measured in ImageJ by using low-magnification bright-field images.
Simulation of binucleate cell frequencies in a mitotic clone. We simulated expected binucleate cell frequencies in a mitotic clone using simple formulas in Microsoft Excel. The model began with a single cell, as mitotic clones do, and assumed a constant rate of cytokinesis failure over time.
For simplicity, the model also treated binucleate cells as a stable end state-once formed, they no longer divided or returned to a polyploid mononucleate cell. Given these rules, we calculated the numbers of normal and binucleate cells in a clone for each round of mitosis.
We defined the following terms: n, normal cells; b, binucleate cells; k, cytokinesis failure rate. Because only normal cells divide, this round of mitosis had n divisions. Of these divisions, <kn= failed. Since there is no biological equivalent of a fraction of a failed division, we rounded down the number of failed divisions by using the floor function. We kept track of the remainder of this function to use in the calculations for the next round of mitosis. Each failed division created a binucleate cell so that the new number of binucleate cells was determined as follows: b= ϭ b ϩ <kn=. The remaining successful divisions (n Ϫ <kn=) produce normal cells, so that the new number of normal cells was determined as follows: n= ϭ 2(n Ϫ <kn=). Finally, the binucleate cell frequency was calculated as follows: binucleate frequency ϭ b=/(n= ϩ b=). This process was repeated for multiple rounds of mitosis, with a slight variation to account for the remainder of <kn= from the previous round. For k ϭ 1/4, we also manually simulated the expected binucleate cell frequencies for eight rounds of mitosis to confirm that the equations worked.
RT-qPCR. Total RNA was isolated from third-instar larval wing discs with TRIzol (Invitrogen) according to the manufacturer's directions, except that discs were homogenized in TRIzol by a low-speed vortexing for 10 s. To generate approximately 1 g of RNA, six wing discs from wildtype or Myb, mip130 mutant larvae were dissected. Because of the growth defect and subsequent smaller disc size of Myb-null larvae, eight Myb-null and seven Myb-null, H2Av/ϩ wing discs were dissected. Total RNA was treated with amplification grade DNase I (Invitrogen) and then converted into cDNA with oligo(dT) primers and Superscript III First-Strand Synthesis for reverse transcription-quantitative PCR (RT-qPCR) (Invitrogen kit) according to the manufacturer's protocols. One microliter of the resulting cDNA was added to FAST SYBR green Master Mix (Applied Biosystems) and 200 nM primers in 20-l reaction mixture volumes on a 96-well plate. The following forward (F) and reverse (R) primers were used: rp49 F (5=-CTGCCCACCGGATTCAAG-3=) and
) and R (5=-TTGG CATTCATTTCCGCACG-3=), pavarotti F (5=-AGGCCAGGTGTCCATG ATTG-3=) and R (5=-TTTGCACCTCCTGGGTCATC-3=), tumbleweed F (5=-GCTGTGCTGTTGTGTCAAGG-3=) and R (5=-ATCCTTCCATTGG CTGGTGG-3=), and scraps F (5=-TCGCAGGCACAAGACAAGAT-3=) and R (5=-GTGGCAGCACAAAGGTTGAG-3=).
qPCR was performed in duplicate with the StepOnePlus real-time PCR system (Applied Biosystems). The fold change in gene expression in mutant versus wild-type flies was calculated by the comparative cycle threshold (C T ) method, where fold change ϭ 2 Ϫ⌬⌬CT , with rp49 gene expression as the reference (33) . RT-qPCR was performed with three biological replicates per genotype. The mean and standard deviation of the fold changes in these biological replicates were plotted.
RNA in situ hybridization. RNA in situ hybridization experiments were performed as previously described (21) .
Screening for suppressors of the Myb-null binucleate cell phenotype. The binucleate suppressor screen was conducted with Myb MH107 /Y; mutation/ϩ larvae identified by the absence of GFP or larval balancer markers. We examined cell membrane and DNA staining in at least three wing discs for each genotype. A mutant was scored as having failed to suppress if we observed that approximately 20% or more of the cells in at least one wing disc were binucleate.
RESULTS

Loss of Drosophila Myb causes binucleate cells in ovarian follicle cells.
The Drosophila ovary contains multiple ovarioles, which are chains of developing egg chambers. Each egg chamber, in turn, contains germ line cells surrounded by somatic follicle cells (34) . Mutations in the dREAM complex cause female sterility (15, 16, 23, 35, 36) . Therefore, we initially set out to further study the role of Myb in oogenesis.
We induced wild-type and Myb-null mitotic clones by FLP/ FRT-mediated recombination (Fig. 1A ). Staining of DNA and the plasma membrane showed binucleate cells in Myb-null but not wild-type follicle cell clones ( Fig. 1B to E). The Myb MH107 mutation used deletes the 5= region of Myb and the entire neighboring gene, AlkB-a nonessential gene (20) . A transgene that expressed Myb from its endogenous promoter rescued the binucleate cell phenotype in Myb-null clones, showing that the phenotype resulted from the absence of Myb and not AlkB (see Fig. S1A to C in the supplemental material). As previously published, we also observed Myb-null follicle cells with enlarged nuclei (Fig. 1E) (10) .
During the early stages of egg chamber development (stages 1 to 6), follicle cells undergo eight rounds of mitosis with incomplete cytokinesis, leaving behind small ring canals that connect daughter cells (37, 38) . We analyzed Myb-null clones in stage 4 to 10 egg chambers and found binucleate cells at all stages (see Fig.  S1D in the supplemental material). These results suggest that the binucleate cells came from a cytokinesis defect in early oogenesis instead of destabilized ring canals in later oogenesis. To determine how quickly binucleate cells formed, we looked for the smallest clone with a binucleate cell. A Myb-null clone comprising a single binucleate cell ( Fig. 1F to H) shows that the binucleate cell phenotype did not require the absence of Myb for multiple cell cycles.
We calculated the frequency of binucleate cells to determine how often they formed. In stage 10 egg chambers, 26% of the Myb-null cells were binucleate (total n ϭ 214 cells), while all wildtype clone cells were normal (total n ϭ 175 cells). We created a simple model of the expected binucleate cell frequency in a mitotic clone given different constant rates of cytokinesis failure. The model started with a single cell and assumed that once binucleate cells formed, they no longer divided or resolved back into a single nucleus cell. Given these parameters, the model suggested that cytokinesis failed every fourth or fifth division in Myb-null cells (see Fig. S2 in the supplemental material).
Binucleate cells in Myb-null wing discs. To test if Myb plays a role in cytokinesis in other tissues, we turned to the diploid larval wing disc. Thoracic imaginal discs, such as the wing disc, contain two layers of cells: the disc proper, composed mostly of columnar cells, and the peripodial epithelium, which contains flat squamous cells ideal for visualizing binucleate cells (32) . Because Myb-null Drosophila flies survive to late larval stages, we were able to analyze Myb-null cells without inducing mitotic clones. Staining of wing discs with an antiadducin antibody showed binucleate cells in the squamous peripodial epithelium of Myb-null but not wild-type discs ( Fig. 2A and B ). We rescued this phenotype by expressing a UAS-Myb cDNA construct with an engrailed-GAL4 driver that was expressed in the posterior compartment of the wing disc. (All squamous peripodial epithelial cells reside in the posterior compartment [32] .) In contrast, the expression of AlkB under the control of its endogenous promoter in Myb-null larvae did not affect the binucleate cell frequency in wing discs (Fig. 2C) . These results show again that the defect resulted specifically from the mutation of Myb.
In the squamous peripodial epithelium of wing discs, about 20% of the Myb-null cells and less than 1% of the wild-type cells were binucleate (Fig. 2C ). Furthermore, the average binucleate cell frequency was 19.8% Ϯ 2.9% for eight independent Myb-null experiments conducted throughout the course of this work. In each experiment, the binucleate cell frequency per Myb-null wing disc varied substantially (see Fig. 2D for an example). This variation loosely correlated with the area of the wing disc-larger discs had higher binucleate cell frequencies than smaller wing discs did (see Fig. S3 in the supplemental material). We hypothesize the cytokinesis defect worsened in late third-instar larvae as maternal stores of Myb-regulated genes ran out.
Ectopic expression of individual Myb-regulated genes does not rescue the binucleate cell phenotype. Myb regulates the expression of multiple genes involved in cytokinesis. RNAi knockdown of Myb in Drosophila Kc cells showed that Myb activates transcription of the cytokinesis genes pavarotti/ MKLP1, fascetto/PRC1, tumbleweed/RACGAP1, and scraps/ ANLN, as well as the mitotic regulator genes polo and ial (AurB) (13) . Through RT-qPCR analysis, we confirmed in vivo that Myb-null wing discs had similar moderately reduced expression of pavarotti (54% of wild-type levels), fascetto (81%), and scraps (61%) but not tumbleweed (96%) (see Fig. S4A in the supplemental material). Polo and AurB regulate cytokinesis by phosphorylating targets at the spindle midzone (39, 40) . We previously showed that Myb regulates polo expression in vivo (21) , and we show here that AurB also required Myb for proper expression in larval wing discs (see Fig. S4B and C) .
An obvious possible cause, then, of the cytokinesis defect in Myb-null cells was the reduced expression of these cytokinesis genes. If this is true, then restoring the expression of these genes might rescue the Myb-null binucleate cell phenotype. Because expressing multiple genes at once was prohibitively complex, we chose to focus on the regulators Polo and AurB. We expressed GFP-AurB or GFP-Polo in Myb-null larvae with a ubiquitin (Ubi) promoter that is Myb independent (21) . As a negative control, we similarly expressed GFP-Mad2, a Myb-regulated spindle assembly checkpoint gene with no known function in cytokinesis. Microscopy showed expression and proper localization of GFP-Mad2, -AurB, and -Polo in Myb-null wing discs (see Fig. S5A to C in the supplemental material). However, in two independent experiments, ectopic expression of GFP-AurB, GFP-Polo, or GFP-AurB and GFP-Polo together did not significantly reduce the frequency of binucleate cells in the peripodial epithelium of the Myb-null wing discs (see Fig. S5D ; data not shown). These results show that restoring the expression of one or both of these protein kinases was not sufficient to rescue the cytokinesis defect. Therefore, the binucleate cells are likely caused by the reduced expression of multiple cytokinesis genes.
The Myb C terminus is necessary for cytokinesis. The C terminus of Myb mediates many of the protein's functions. For example, the reduced expression of red fluorescent protein (RFP)-Mad2 in a Myb-null mutant was rescued by a Myb C-terminal fragment but not by the full-length Myb-KW606AA mutant, which contains two alanine substitutions in a conserved region of the C terminus (21, 27) . If the Myb-null binucleate cell phenotype arose from the reduced expression of cytokinesis genes, then the Myb C terminus might also be necessary and sufficient for proper cytokinesis.
To test this hypothesis, we expressed wild-type GFP-Myb, GFP-Myb-KW606AA, or GFP-Myb C terminus with a genomic Myb promoter in Myb-null larvae at 18 and 25°C. Wild-type GFP-Myb, but not GFP-Myb-KW606AA, rescued the binucleate cell phenotype in the wing disc peripodial epithelium of otherwise Myb-null larvae at both temperatures (Fig. 3 ). This shows that the C terminus is necessary for proper cytokinesis. The Myb C-terminal fragment functions in a temperature-and dosage-sensitive manner. At endogenous levels, the protein rescues lethality only at 18°C, but when overexpressed by the GAL4-UAS system, it rescues multiple Myb-null phenotypes at the otherwise nonpermissive temperature of 25°C (Table 1) (21, 27) . At the permissive temperature, the Myb C terminus significantly reduced the frequency of binucleate cells (Fig. 3B) , showing that the C terminus is partially sufficient for cytokinesis.
Binucleate cell analysis of the dREAM complex. Myb functions as part of the dREAM/Myb-MuvB complex (7, 8, 10) . Previous reports showed that the MuvB core-composed of Mip130, Mip120, Mip40, and Caf1-repressed the transcription of a number of candidate target genes (7, 8, 21) . However, a recent genomewide study of Kc cells implicated the MuvB core in both transcriptional activation and repression, including the activation of cytokinesis genes (13) . We found nearly wild-type frequencies of binucleate cells in the peripodial epithelium of wing discs from mip130, mip120, and mip40 single mutants (Fig. 4A) . These results suggest that the MuvB core was not required in vivo for activation of the transcription of cytokinesis genes. Not surprisingly, the repressive E2F2 transcription factor was also dispensable for proper cytokinesis (Fig. 4A ). Small disc size and abnormal morphology prevented analysis of the binucleate cell frequency of lin-52-null wing discs (data not shown). We chose not to analyze the binucleate cell frequency of Caf1 mutant wing discs because multiple chromatin complexes contain Caf1, complicating the interpretation of the results (41) .
Many Myb-null phenotypes arise from the activity of the remaining dREAM complex (15, 16, 21) . For example, Myb, mip130 double mutant wing discs express a GFP-Mad2 transgene that is inactive in the Myb single mutant, indicating that Mip130 represses transcription of this transgene in Myb-null cells (21) . Similarly, we found mutation of mip130 or E2f2 in Myb-null larvae suppressed the binucleate cell phenotype in wing discs (Fig. 4A ). Taking our findings together with previous results, we conclude that the Myb-null binucleate cell phenotype comes from the transcriptional repression of cytokinesis genes by the dREAM complex.
Dosage sensitivity of the dREAM/MMB complex. Many chromatin-related proteins, such as modifiers of position effect variegation (PEV) and the Polycomb group proteins, function in a dose-dependent manner (42, 43) . Mutations in the dREAM complex generally act in a recessive fashion (15, 16, 20, (23) (24) (25) 44) . However, either homozygous or heterozygous mutation of E2f2 suppressed the developmental delay of Myb-null larvae, suggesting that the absence of Myb may sensitize the dREAM complex to the dose of its other components (21) .
We found that heterozygous mutation of mip120 or E2f2 suppressed the binucleate cell phenotype in the peripodial epithelium of Myb-null wing discs (Fig. 4B) . Caf1=/ϩ and lin-52=/ϩ mutations also partially but reproducibly reduced the defect (Fig. 4B to D). Importantly, two different mutations of both E2f2 and Caf1 gave similar results and a mip120 rescue transgene reverted the suppression by the mip120 mutation (Fig. 4C ). Together, these results show that the dREAM/MMB complex requires Mip120, E2F2, Caf1, and Lin-52 for transcriptional repression in a dosedependent manner in the absence of Myb.
Mutation of His2Av suppresses the Myb-null binucleate cell phenotype. The mechanism by which the dREAM complex represses transcription remains unclear. We screened for mutations of chromatin-related proteins that suppressed the Myb-null binucleate cell phenotype in wing discs. To minimize laborious dissections and to simplify the genetics, we tested heterozygous mutations of candidate genes listed in Table 2 for a dosage-sensitive effect similar to that observed above.
Despite reported interactions with the dREAM complex or mammalian Rb, the Rpd3, l(3)mbt, Su(var)3-9, and Polycomb group (PcG) genes failed to genetically interact with Myb in our screen ( Table 2) (8, (45) (46) (47) . Therefore, if these proteins do play a role in repression by the dREAM complex, halving their dose is not sufficient to alter the binucleate cell phenotype. We then tested a variety of other proteins involved in transcriptional repression. Only the histone variant His2Av (H2Av) reproducibly and significantly suppressed the Myb-null binucleate cell frequency in a dosage-dependent manner (Fig. 5A) . As a control, the expression of a genomic H2Av-RFP transgene reversed the suppression by the His2Av mutation (Fig. 5A) . These results suggest that in the absence of Myb, the dREAM complex requires H2Av for repression of cytokinesis genes.
DISCUSSION
We observed binucleate cells-the hallmark phenotype of a cytokinesis defect-in Myb-null follicle cell and wing disc epithelia. Like other Myb-null phenotypes, the C terminus of Myb was necessary and sufficient to rescue the defect. Removing Mip130 or E2F2 or reducing the dose of Mip120, E2F2, Caf1, or Lin-52 suppressed the phenotype. Unexpectedly, reducing the dose of the histone variant His2Av also suppressed the Myb-null binucleate cell phenotype, suggesting a novel role in repression by the dREAM complex.
Myb transcriptionally regulates cytokinesis. Drosophila Myb Myb-null larvae with wild-type Myb, substitution mutant Myb, or the Myb C terminus (C-term) expressed by a genomic Myb promoter. Each circle represents a single wing disc, and each black bar marks the average binucleate cell frequency of wing discs for that genotype. Asterisks indicate genotypes that differed from the Myb mutant with a P value of Ͻ0.05 (*) or Ͻ0.01 (**) by a t test. regulates the transcription of genes required for cytokinesis. Myb regulates the expression of the mitotic kinases encoded by polo and AurB, which, respectively, control the initiation and abscission steps of cytokinesis (21, 39, 40) . Myb-null wing discs also had moderately decreased expression of the cytokinesis genes pavarotti/MKLP1, fascetto/PRC1, and scraps/ANLN. Because pa-varotti and scraps single mutants die during embryogenesis, we did not expect to see complete loss of expression of these genes in Myb-null animals, which survive to third-instar larvae (48, 49) . Furthermore, studies of hypomorphic mutants in vivo and RNAi knockdown of pavarotti and scraps in cell lines showed that reduced rather than absent expression of these genes still causes cytokinesis defects (48) (49) (50) (51) . Altogether, we hypothesize that reduced expression of Myb-regulated polo, AurB, and cytokinesis genes causes the Myb-null binucleate cell phenotype (Fig. 5B ). However, we cannot rule out the possibility that the cytokinesis defect arises from defects earlier in mitosis. Myb proteins also regulate cytokinesis in other organisms. For example, mouse embryonic fibroblasts with a null mutation of B-Myb (the vertebrate homolog of Drosophila Myb) formed binucleate cells (52) . B-Myb mutant zebrafish embryos also had decreased expression of the cytokinesis genes prc1b, racgap1, and aurkb and contained tetraploid cells, possibly formed following failed cytokinesis (53) . Finally, in Arabidopsis, Myb3R1 and Myb3R4 regulated cytokinesis by activating the transcription of the plant-specific cytokinesis gene KNOLLE (54) .
Transcriptional repression by the dREAM complex. While Myb activates transcription, studies in vivo indicate that other dREAM subunits repress transcription in Drosophila. For example, E2F2 repressed the expression of developmental genes, Mip130 bound transcriptionally silent regions of the genome, and mip130-null wing discs expressed wild-type levels of Myb-regulated genes (7, 21, 55, 56) . Moreover, mip130, mip120, mip40, and E2f2 single mutants all survived to adulthood, in contrast to the lethal phenotype expected if these proteins were required for tran- scriptional activation of the same genes as Myb (15, 16, 23) . Our analysis of the binucleate cell phenotype agrees with these previous results. Low binucleate cell frequencies in mip130, mip120, mip40, and E2f2 single mutants imply normal transcription of genes important for cytokinesis. Myb, mip130 and Myb, E2f2 double mutants also had low binucleate cell frequencies, showing that mutation of mip130 or E2f2 suppressed the Myb-null phenotype. These results suggest that the dREAM complex is the main repressor of cytokinesis genes regulated by Myb and that the sole role of Myb in cytokinesis is inhibition of that repression. Consistent with the latter point, all Myb protein fractionated exclusively with the MuvB core in biochemical purifications of embryo extracts (10) .
Our model predicts the normal expression of cytokinesis genes in Myb, mip130 double mutant wing discs, where the binucleate cell phenotype was suppressed (Fig. 5B ). However, RT-qPCR analysis of pavarotti, fascetto, and scraps showed, on average, only partially restored expression, with a large variation between biological replicates so that expression in the double mutant was not statistically significantly different from either Myb-null or wildtype gene expression (see Fig. S4A in the supplemental material). These results may reflect differences between our simplified model and the biology. First, some Myb, mip130 double mutant wing discs contained low numbers of binucleate cells, suggesting that minor cytokinesis defects persist. Second, in Myb, mip130 double mutant wing discs, polo expression was variegated, with only half the cells expressing polo at wild-type levels (21) . If cytokinesis genes are regulated in a similar manner, their expression would not be fully restored in the double mutant.
Questions remain concerning how the dREAM complex functions: What role do different subunits perform within the complex? What additional factors, if any, mediate repression by dREAM? To study this, we used the Myb-null binucleate cell phenotype to assay repression by the dREAM complex when we decreased the dose of dREAM subunits or chromatin regulators.
We observed an unexpected role for Lin-52 in repression, in contrast to our recent report that showed that Lin-52 opposed the repressive activity of the dREAM complex in other contexts (25) . Like Myb, lin-52 is an essential gene in Drosophila. Additionally, removal of Mip130 suppressed lin-52 mutant phenotypes such as abnormal eye development and arrested embryogenesis. These results imply that unregulated repression by the dREAM complex caused these defects. However, we now show that reducing the dose of Lin-52 decreased the frequency of binucleate cells in Mybnull wing discs. Together, our data in vivo suggest that Lin-52 holds a unique dual role in both transcriptional activation and repression.
Reducing the dose of p55 Caf1 also suppressed the Myb-null binucleate cell phenotype. Consistent with our results, depletion of Caf1 by RNAi in S2 cells derepressed the expression of E2F2regulated genes (57) . These effects most likely arose from the role of Caf1 in the dREAM complex; however, Caf1 is also a subunit of other chromatin-associated complexes, including CAF-1, NURF, NuRD, and PRC2 (41, 58) . Therefore, the observed haplosuppressor effect could result from the activity of Caf1 in any of these complexes.
Previous studies suggested several possible mechanisms by which the dREAM complex may represses transcription. For example, L(3)mbt repressed the expression of many Mip130-and Mip120-regulated genes in cell culture and was purified with the dREAM complex in substoichiometric amounts in biochemical fractionation experiments (8, 13) . The purified dREAM complex also deacetylated histones in vitro and interacted with Rpd3/ HDAC1, a histone deacetylase (8) . Moreover, in Drosophila S2 cells, repression of dREAM-regulated differentiation genes required both histone deacetylase activity and the Polycomb group protein E(z) (45) . Many epigenetic regulators, including the Rpd3/HDAC1 and PcG proteins, act in a dose-dependent fashion (42, 43) . However, heterozygous mutation of these and other general transcriptional repressors failed to suppress the Myb-null binucleate cell phenotype. Given the dose-dependent nature of our experiments, we cannot draw strong conclusions from these negative results.
The dREAM complex requires His2Av for repression. We found that heterozygous mutation of His2Av suppressed the Mybnull binucleate cell phenotype. Histone variants, such as H2Av, are conserved, noncanonical histones deposited into chromatin throughout the cell cycle. Histone H2A has multiple variants, including H2A.z, which regulates transcription, and H2A.x, which functions in DNA damage repair. Sequence analysis revealed that in Drosophila these two variants are combined into a single variant histone, H2Av (59) . H2Av localized to euchromatic and heterochromatic regions throughout the genome and may function in both transcriptional activation and repression (60) (61) (62) (63) (64) .
In Drosophila and mammals, the Tip60 complex exchanges H2Av/H2A.z into nucleosomes with the Swi2/Snf2 ATPase family protein Domino/p400 (64, 65) . We found that heterozygous mutation of domino or of Gas41, another subunit of the Tip60 complex, failed to suppress the Myb-null binucleate cell phenotype (Table 2) . Nevertheless, the Tip60 complex may still function in repression by the dREAM complex either through other subunits or in a dose-independent manner. Genetic evidence in Drosophila implicated H2Av in heterochromatin formation. Mutation of His2Av derepressed the expression of a Hox gene, reduced H3K9 methylation and HP1 binding in polytene chromosomes, and suppressed the spreading of heterochromatin in PEV (63) . Four subunits of the Tip60 complex also suppressed PEV when mutated (66) (67) (68) .
SynMuv class A and B genes redundantly inhibit the formation of ectopic vulvae through parallel transcriptional repression pathways in Caenorhabditis elegans. With the exception of Myb, which is absent from worms, the homologs of dREAM subunits are syn-Muv B genes (69) . Interestingly, mys-1 (the homolog of Tip60) was also scored as a synMuv B gene (70) . This suggests that Tip60 and the dREAM complex act in the same repressive pathway. On the other hand, depletion of other Tip60 complex subunits or H2A.z by RNAi suppressed the synMuv phenotype, suggesting that they were required for the expression of the genes derepressed in the synMuv mutants (71) . These apparently contradictory results may reflect the possible dual roles that Tip60 and H2A.z play in transcriptional repression and activation.
We hypothesize that the dREAM complex requires H2Av to repress transcription of genes required for cytokinesis (Fig. 5B) . The dREAM complex may recruit H2Av to promote heterochromatin formation and repression. Intriguingly, Domino and H2Av bound the promoters of several genes in an E2F1-dependent manner in S2 cells and repressed the expression in vivo of the E2F1activated gene cyclin E (72) . The dREAM complex and H2Av could repress transcription through parallel pathways. We find this model less likely because other general heterochromatin factors and transcriptional repressors did not suppress the Myb-null binucleate cell phenotype. Finally, because reducing the dose of H2Av in Myb-null wing discs did not significantly restore the expression of Myb-regulated cytokinesis genes (see Fig. S4A in the supplemental material), H2Av may inhibit cytokinesis in a transcription-independent manner.
Our findings raise many new questions. Does H2Av act upstream or downstream of the dREAM complex? What subunits of the dREAM complex mediate this connection with H2Av? Does H2Av repress the transcription of other Myb-or E2F2-regulated genes? How do H2Av and the dREAM complex repress transcription?
